INTRODUCTION
It is becoming increasingly apparent that the microbial food web plays an important role in the carbon flow of the Southern Ocean (Bird & Karl 1999 , Anderson & Rivkin 2002 . However, there is still a paucity of estimates of grazing rates on bacteria, as well as a lack of detailed examination of the nature of the grazer community. In particular, while heterotrophic nanoflagellates (HNF) are considered to be the main predators of bacteria (Pace 1988 , Sherr & Sherr 1994 , the components of this community that dominate grazing rates are highly variable. For instance, small HNF (1 to 3 µm) have been shown to be the main bacterial grazers from temperate and warm oligotrophic to cold systems, such as the Mediterranean Sea (Wikner & Hagström 1988, ABSTRACT: We examined changes of bacterial losses related to heterotrophic nanoflagellate (HNF) size distribution in late spring/early summer (1998/1999) using 9 grazing experiments in a coastal Antarctic area (Johnson's Dock, Livingston Island, Bransfield Sector). Water samples were subjected to size fractionation through 50 and 5 µm pore sizes to obtain a truncation of the microbial food web. In each fraction, we estimated bacterial loss rates and abundance and biomass of HNF grouped into 4 size classes (≤ 2, 2 to 5, 5 to 10, 10 to 20 µm). We also investigated whether grazing on bacteria was mainly due to HNF, and which HNF size class had a major impact on bacteria. We expected that in the 50 µm fraction, large protists (ciliates, dinoflagellates) would prey preferentially on nanoprotists and relieve bacterial pressure from HNF. Bacterial grazing rates were estimated by disappearance of fluorescently labeled bacteria over 24 h. These showed similar values in both experimental treatments, although they were slightly higher for the 50 µm fraction. Average grazing rates were 4.8 × 10 5 ± 3.6 × 10 5 cells ml -1 d -1 in the 5 µm treatment and 6.9 × 10 5 ± 3.2 × 10 5 cells ml -1 d -1 for the 50 µm fraction. In the 5 µm fraction, HNF abundance (integrated over 24 h, HNFi) and bacterial grazing rates were significantly related. The best relationship was obtained with the smallest HNFi size classes (from ≤ 2 and 2 to 5 µm). In the 50 µm fraction, no relationships were found between bacterial loss rate and both total HNFi and any HNFi size class in terms of abundance and biomass. However, microozooplankton was negatively related to total bacteria and both HNFi abundance and biomass. The major contributor to this negative relationship was the HNFi size classes from ≤ 2 and 2 to 5 µm. Consequently, and against our expectations, large protists contributed to microbial food-web complexity by masking carbon fluxes from bacteria to HNF, and by feeding on both bacteria and nanoprotists.
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Resale or republication not permitted without written consent of the publisher Christaki et al. 2001) , the Pacific Ocean near Hawaii (Calbet et al. 2001 ) and the Central Arctic Ocean (Sherr et al. 1997) . However, there is also evidence that chonaoflagellates from 4 to 15 µm in size are the main grazers in the Southern Ocean (Leakey et al. 1996 , Becquevort 1997 . Some HNFs can use alternative prey, such as dissolved organic matter (Marchant & Scott 1993) , as well as pico-and nanoeukaryotic cells of a similar size (Sanders 1991 , Peters et al. 1998 , Calbet et al. 2001 , Sherr & Sherr 2002 . HNFs can also engage in complex trophic interactions with larger protists such as ciliates and phagotrophic dinoflagellates (Capriulo et al. 1991 , Lynn & Montagnes 1991 . The structure of the protist community can, therefore, greatly affect bacterial grazing rates.
Here we examine bacterial grazing rates and their response to experimental manipulation (size fractionation) of the protist community in an Antarctic coastal ecosystem. The study was conducted in a shallow coastal area in Johnson's Dock, a sheltered bay receiving glacial melt water, adjacent to the Spanish Antarctic Base (Livingston Island, Shetland Islands, Bransfield Sector, Antarctica). Nine experiments examining the effects of size manipulation of HNFs on bacterial grazing rates were conducted in late spring/early summer 1998/1999. These experiments tested whether grazing on bacteria is mainly due to HNF, and what size fraction of HNF had the greatest impact on bacteria in the presence or absence of larger predators. We hypothesized that organisms such as ciliates and phagotrophic dinoflagellates should preferentially prey on nanoprotists and relieve bacterial pressure from HNF grazing when present.
MATERIALS AND METHODS
Study site and sampling. The study was conducted in Johnson's Dock (62°39.576' S, 60°22.408' W), Livingston Island, Shetland Islands, Bransfield Sector, Antarctica (Fig. 1 ) from December 10, 1998, to January 2, 1999. Samples were collected from a small boat 2 or 3 times a week at a fixed station within the bay (25 m depth). On each sampling date a vertical profile of temperature and salinity was obtained with an Andera T-S probe, and water transparency was determined with a 25 cm diameter Secchi disc. We collected 30 l integrated water samples encompassing the photic layer (0 to 5 m). Using a flexible tube (7 m long, 10 cm diameter, with a weight at the end attached to a rope) submerged between 0 and 5 m depth, water was emptied into a 30 l carboy. Water was kept in the dark during transportation to the laboratory (15 min away from the sampling site). In the laboratory, the samples were processed to determine nutrient and chl a concentrations, bacterial, nanoplankton, and ciliate abundance and biomass, and grazing experiments were conducted.
Nutrients. Samples for inorganic nutrient determinations were taken in plastic bottles from the 30 l carboy at the end of each grazing experiment and kept frozen until analysis. Inorganic phosphorus nitrate, nitrite and ammonium were analyzed with an Evolution II (Alliance Instruments) autoanalyzer following Hansen & Coroleff (1983) .
Chl a concentration. A variable water volume (100 to 250 ml, depending on phytoplankton biomass) was filtered through 0.45 µm-diameter cellulose acetate Millipore filters for spectrofluorometric analysis of chl a (Parsons et al. 1984) . The filters were kept refrigerated for ca. 24 h in the dark while pigments were extracted in 90% acetone. Fluorescence was measured following extraction in a Shimadzu 1501 spectrofluorometer calibrated with pure chl a (Sigma).
Bacterial, flagellate and ciliate abundance and biomass. Subsamples of 100 ml were preserved with glutaraldehyde (1% final concentration) for bacteria and nanoflagellate counts. Duplicate subsamples of 5 and 10 ml for bacteria nanoflagellate counts were filtered through 0.2 and 0.6 µm polycarbonate filters, respectively, and stained with DAPI (4, 6-diamidino-2-phenylindole, Porter & Feig 1980 ) at a final concentration of 5 µg ml -1 (Sieracki et al. 1985) . The abundance of these microorganisms was determined by epifluorescence (Nikon Optiphot) microscopy. Nanoflagellates showing red-orange fluorescence (when illuminated with blue light) and/or plastidic structures were considered as phototrophic forms (phototrophic nanoflagellates PNF), while colorless nanoflagellates were counted as heterotrophic (HNF). Mixotrophic nanoflagellates could not be reliably identified. Bacterial size was determined from the linear dimension of approximately 300 cells from 3 samples corresponding to the beginning (December 10, 1998), middle (December 15, 1998) and end (January 2, 1999) of the study period.
We used an image analysis system attached to the microscope, using the NIH-image software as described in detail in Massana et al. (1997) to derive bacterial cell-size distributions. Bacterial biomass was calculated using the carbon-to-volume relationship derived by Norland (1993) from the data of Simon & Azam (1989) :
, where V is volume of bacteria in µm 3 cell -1 . Nanoflagellate size was determined by measuring lengths and widths of 50 to 150 cells (HNF plus PNF) per sample under an epifluorescence microscope with a calibrated ocular micrometer. HNF were grouped into 4 size classes: ≤ 2, 2 to 5, 5 to 10 and 10 to 20 µm. Cell volumes were estimated using the most similar geometrical figure, and the carbon content estimated using a volume-to-carbon ratio of 0.22 pg C µm -3 (Bør-sheim & Bratbak 1987).
Ciliates and large dinoflagellates, such as Gyrodinium, were enumerated in 1 l samples preserved in a 1% final concentration of acidic Lugol's solution. This concentration is at the lower end (0.6 to 20%) of the scales reported by several authors (Harris et al. 2000 , and references therein). High concentrations of acid Lugol's solution (10 to 20%, Stoecker et al. 1994 , Boyd et al. 1995 have been recommended to avoid cell losses. Therefore, the ciliate concentrations in this study may have been underestimated. A 100 ml subsample was placed in 100 ml sedimentation chambers for 48 h before enumeration at 400 × magnification, using an inverted microscope (Zeiss). Average ciliate and dinoflagellate cell sizes were determined after measuring the lengths and widths of 30 to 100 cells; these values were then used to calculate the cell volume by approximation to the most similar geometric form. The carbon content of ciliates was estimated using the equations described in Menden-Deuer & Lessard (2000) that were derived from Putt & Stoecker's (1989) study for aloricate ciliates (pg C µm -3 = 0.230 × V 0.984 , where V is cell volume in µm 3 ), and from the studies on tintinnids by Verity & Langdon (1984) and Beers & Stewart (1967) (pg C µm 3 = 0.679 × V 0.841 ). Finally, dinoflagellate carbon content was estimated using Menden-Deuer & Lessard's (2000) C:V relationship for planktonic protist: pg C µm 3 = 0.216 × V 0.939 . Grazing experiments. Estimates of grazing on bacteria by protists (HNF, ciliates, dinoflagellates) were based on the disappearance over time of fluorescently labeled bacteria (FLB) (Brevundimonas diminuta, formerly Pseudomonas diminuta, strain provided by 'La Colección Española de Cultivos tipo', Burjassot, Valencia, Spain) following the procedure of Pace et al. (1990) and Vazquez-Dominguez et al. (1999) . Grazing on bacteria was determined 2 or 3 times a week. In each determination, 7 l subsamples were drawn, 2 l were filtered through 0.8 µm polycarbonate filters (to exclude bacterial predators) to be used as controls, and 2 l were filtered through 5 µm net mesh to eliminate HNF predators (e.g. microzooplankton). Finally, the last 3 l were filtered through a 50 µm net mesh to exclude larger predators (e.g. naupliae). FLB were added to 1 l duplicate samples (10 to 20% of ambient bacterial concentration) of each water fraction. The average volume of labeled B. diminuta was similar to the average volume of the ambient bacteria (0.066 ± 0.003 µm ). The samples were incubated for 24 h in a 1 m 3 incubation tank with running seawater to maintain in situ temperature and light conditions. The abundance of B. diminuta, natural bacteria, HNF and PNF was determined at the beginning of the experiment and at 24 h, and ciliate and Gyrodinium abundance and size were determined only in the 50 µm fraction at the beginning of the experiment. The number and biomass of bacteria removed were derived using the mathematical model of Salat & Marrasé (1994) . Grazing rates (G) on bacteria between 0 and 24 h were calculated as an exponential process:
, where a is the net specific bacterial growth rate (d ) was calculated as the sum of G and NBP. These calculations are based on the conservative assumption that all losses of bacteria during the incubations were due to grazing by protists.
To compare changes of HNF and bacterial abundance or biomass with bacterial losses over 24 h, we integrated HNF (HNF i ) or bacterial abundance and biomass within this period:
, where b is the net specific HNF growth rate (d -1 ), and HNF 0 is the HNF abundance or biomass at the beginning of the experiment. We carried out the same procedure for bacterial abundance and biomass.
RESULTS

Physico-chemical and biological parameters
The waters in Johnson's Dock had a milky aspect (Secchi disk depth ~1.5 m) due to the glacial flour, a colloid of quartz crystals delivered from the adjacent glaciers (Azetsu-Scott & Syvitski 1999), which extended far offshore of Livingston Island, as revealed by transects conducted aboard the Spanish RV 'Hespérides' (Agustí & Duarte 2000) . Surface salinity reached low values due to the fresh glacial melt waters, and temperature remained relatively uniform during the study period (Table 1) . Nutrient concentrations were maintained at very high values (NO 3 : 22.2 to 31.4 µM; NO 2 : 0.2 to 0.3 µM; NH 4 : 1.1 to 2.5 µM; PO 4 : 1.3 to 1.6 µM; SiO 4 : 54.1 to 63.4 µM) throughout the study. Chl a concentrations ranged from 0.3 to 2.2 µg l -1 (average: 1.5 ± 0.6 µg l -1 , Table 1 ). The autotrophic community was dominated by PNF, including free-living Phaeocystis (3 to 5 µm, 14 ± 8% of PNF biomass) and Cryptomonas (10 to 12 µm), which represented 66 ± 15% of the PNF biomass (Table 1) , and very few diatoms (< 50 cells l -1
). Bacteria and HNF dominated heterotrophic biomass, with choanoflagellates representing only 16 ± 7% of the HNF biomass (Table 1) . The microbial community fluctuated during the study period (Fig. 2) . Minimal and maxumal abundance and cell size are shown in Table 2 . Nanoflagellates (HNF and PNF) tended to be smaller in size as their abundance increased (Table 2) . Temporal changes of bacteria, HNF and PNF net growth rates, using 5 and 50 µm-screened fractions, revealed that after 24 h incubation, bacteria and HNF abundance (in most of cases) and PNF abundance (in 4 out of 9 cases) were lower in the 50 µm than in the 5 µm treatment ( Fig. 2A-F ). This decay observed in the 50 µm-screened fraction was likely due to predatory losses imposed by ciliates and the phagotrophic Gyrodinium (Fig. 2G) . Ciliate abundance varied from undetectable to 1.74 × 10 3 cells l -1
, and Gyrodinium abundance from 0.11 × 10 3 to 2.11 × 10 3 cells l -1 (Table 2 , Fig. 2 ). The assemblage of oligotrich (Strombidium acutum, S. conicum, Laboea sp.) plus naked choreotrich (Strobilidium sp.) ciliates was always present, except for the last sampling day, comprising between 13 and 86% of the total abundance and between 3 and 92% of biomass (when detectable). The second most important group was the Scuticociliates, which were present on 6 occasions, and varied between 9 and 71% of abundance and 3 and 86% of biomass. The phototrophic Mesodinium sp. was also fairly abundant at the end of the study period (up to 60% of total abundance), but in terms of biomass only achieved 39% of total ciliate biomass on the 5 occasions 45 Fig. 2 . Evolution of (A,B) bacterial, (C,D) heterotrophic nanoflagellate (HNF) and (E,F) phototrophic nanoflagellate (PNF) abundance during the study period in both treatments (5 and 50 µm) at Time 0 and after 24 h incubations (t = 0 and t = 24, respectively). (G) Evolution of phagotrophic ciliate and dinoflagellate abundance in the 50 µm treatment over the sampling dates when it was present. Ciliates included in other groups (mainly vorticellids) were present on 4 occasions, and varied between 5 and 27% of abundance and 3 and 78% of biomass. Finally, tintinnids were the least predominant (only found 3 times), varying in abundance between 16 and 28% and 4 and 26% of biomass.
Dynamics of nanoflagellate size classes
The 2 to 5 µm size class dominated HNF abundance, both in the 5 µm-screened fraction (53.7 ± 5.9%) and in the 50 µm-screened fraction (59.2 ± 3.2%), followed by the size class of ≤ 2 µm (5 µm-screened fraction: 37.6 ± 5.6%; 50 µm-screened fraction: 30.9 ± 3.3%). HNF abundance in the 5 to 10 µm size class was much lower (5 µm-screened fraction: 8.5 ± 0.9%, and 50 µm-screened fraction: 9.5 ± 1.9%), and was negligible in the 10 to 20 µm size class (5 µm-screened fraction: 0.2 ± 0.2%; 50 µm-screened fraction: 0.4 ± 0.3%). HNF abundance decreased after 24 h, mostly in the 50 µm-screened fraction, with this decline being higher for the 2 to 5 µm HNF size class than for the ≤ 2 µm one (Fig. 3) . HNF net growth rates were higher in most cases for all size classes in the 5 µm-screened fraction than in the 50 µm-screened fraction (Fig. 4) . The same trend applied to PNF.
Grazing rates
Live controls were performed for each experimental set up, whereby water was filtered through 0.8 µm to remove bacterial predators and ensure that the dis- ). The losses in the 0.8 µm treatments were due to a few HNF that went through the 0.8 µm filters, as confirmed by microscopic examination of the samples.
The average bacterivory rate was slightly higher for the 50 µm (6.9 × 10 5 ± 3.2 × 10 5 cells ml , 8.1 ± 6.1 µg C l -1 d -1 ) screened samples (Fig. 5A,C) . These losses accounted for the removal of the full bacterial production in the 50 µm-screened treatment (102 ± 45% of bacterial production) and half of the bacterial production (53 ± 33%) for the 5 µm-screened treatment.
µm-screened fraction
Bacterial grazing rates were significantly related to HNFi abundance, but not to their biomass (Table 3) . The combined abundance of the ≤ 2 and 2 to 5 µm HNFi fractions accounted for most (~75% , Table 3 ) of the variance in grazing rates among the different experiments. Similar results were obtained between HNFi (≤ 2 and 2 to 5 µm) biomass and consumed bacterial carbon and bacterial grazing rates (Table 3 , Fig. 5A,B) . Regression analyses suggest the 2 to 5 µm HNFi size class to be most closely associated with grazing rates (Table 3 ). Larger HNFi (5 to 10 µm) were not significantly related with grazing or with other nanoprotist cells (PNF or HNF), neither in terms of carbon nor in number of cells. However, a significant negative relationship was found between the net growth rate of 2 to 5 µm HNF and that of 5 to 10 µm HNF (Table 3) , suggesting either predatory or competitive interactions within the HNF assemblage.
No relationships were found between bacterial loss rates and total HNFi or any HNFi size class in terms of either their abundance (data not shown) or biomass (Fig. 5C,D) . Microozooplankton (ciliates and dinoflagellates) abundance was negatively related to total bacteria and HNFi abundance, as well as bacterial biomass (Table 3 ). The main contributors to this negative relationship in terms of abundance was the HNFi size classes ≤ 2 and 2 to 5 µm (Table 3 ). Contrary to our expectations, the presence of phagotrophic ciliates and dinoflagellates (e.g. Gyrodinium) ( Table 1, Fig. 2 ) increased the food-web complexity, masking the tight relationship between HNFi and grazing rates on bacteria observed in the 5 µm treatment.
DISCUSSION
Methodological considerations
Fractionation
The size-fractionation approach has specific weaknesses. The fractionation step may cause cell damage and enrichment of dissolved organic matter (Landry 1994 , Gasol & Moran 1999 , and exclude large predators, which would affect nutrient regenerators (e.g. Güde 1986 ). For instance, the higher bacterial growth detected in the 5 µm-screened fraction on December 15 and 27 (Figs. 2 & 5) could be attributable to an extra supply of organic matter in this treatment due to cell Log HNFi (5-10) -1.14 0.297 Table 3 . Relationship between grazing rates on bacteria and heterotrophic nanoflagellates ( breakage. The effectiveness of this approach in such a particular system can also be affected by the suspended colloid particles, which slightly reduced bacteria and nanoflagellate abundance in the 5 µm relative to the 50 µm fraction (Fig. 2) . In addition, some HNF larger than 5 µm went through the 5 µm mesh net, suggesting the importance of the shape of HNF cells on the outcome of differential filtration treatments. For instance, HNF with lengths of 5 to 8 µm had widths of 2 to 2.5 µm. However, we were able to remove large predators in the 5 µm filtrate. The size of ciliates and other large protists always exceeded 5 µm width, so the 5 µm-screened treatment was successful in removing these larger predators. Due to the high inorganic nutrient concentration recorded in the ambient and in both treatments after 24 h incubation (data not shown), the exclusion of large predators probably did not significantly change nutrient regeneration. Despite the inherent limitations of the method, we were able to examine different size-dependent trophic interactions within microbial communities.
Use of FLB for grazing bacterial measurements
We are aware that heat-killed fluorescent bacteria are perhaps not the best surrogate for measuring protozoan grazing rates. The main concern here is the assumption that they are preyed upon at the same rate as natural bacteria. In fact, we suspect that grazing rates may be underestimated. This is a problem broadly discussed in several review papers, and we will not try to add any new insights here (e.g. Landry 1994 .
Microbial dynamics in Johnson's Dock
This is the first report on temporal changes of planktonic microorganisms in this coastal area, revealing that Johnson's Dock was a peculiar system where water transparency was very poor (~1.5 m, Secchi disc) due to the glacial flour. A consequence of this 'darkness' was the low chlorophyll concentration found during the study period, in spite of high nutrient concentrations. Copepods were scarce (<100 ind. m -3 ); hence, large predators did not presumably deplete phytoplankton growth. Agustí & Duarte (2000) experimentally induced (using a mesocosm) a large phytoplankton bloom of Thalassiosira antarctica at the same sampling site, when light penetration increased due to sedimentation of colloid material. Diatoms were presumably grazed by a large community of tintinnids (13 000 cells l -1 ) and isopods.
Bacterial grazing and production rates
The total bacterial grazing rates (abundance and biomass) recorded in Johnson's Dock are the highest yet reported for Antarctic waters (Table 4) , although specific grazing rates and the impact on bacterial production were rather similar to those found in previous research reports (Table 4) . The high bacterivory rates in Johnson's Dock may be attributable to the elevated bacterial abundance and biomass there (probably enhanced by the availability of allochthonous organic nutrients carried out by the glacial melting water). This was up to 5-or 10-fold greater than those reported previously for Antarctic waters (Leakey et al. 1996, Ander- Vaqué et al. 2002a,b) . Indeed, there is evidence that total grazing rates increase as prey increases (Vaqué et al. , 2002b . The highest bacterial losses were observed in late December, consistent with previous reports (Anderson & Rivkin 2001) . This high bacterial consumption (presumably by HNF) did not result in an obvious increase in HNF (after 24 h) in the 5 µm-screened treatment, and particularly in the 50 µm-screened fraction, where HNF (2 to 5 µm) decreased dramatically. These results suggested an important top-down control on HNF. The prey-topredator ratio (bacteria to HNF abundance) is between 400 and 1000 in most oligotrophic marine waters (Fenchel 1987) . High ratios are indicative of strong predator pressure on HNF (Sanders et al. 1992 , Gasol 1995 . Bacteria-to-HNF abundance ratios reported for the Southern Ocean are rather low (Gerlache Strait, median: 85, Bird & Karl 1999; Ross Sea, median: 22, Putt et al. 1991; Prydz Bay, median: 142, Leakey et al. 1996) , indicative of resource control of HNF abundance. In contrast, the bacteria-to-HNF abundance ratio at community level in Johnson's Dock was high, averaging 625 ± 109, and increasing when incubated in the presence of large protists (1344 ± 144). Topdown control of HNF abundance was particularly high in the 50 µm-screened fraction, which still showed bacterial mortality (Figs. 2 & 5) . Our results identify the smallest HNF (≤ 2 and 2 to 5 µm), the most abundant size class, as the main consumers of bacteria (Table 3 ). The importance of the smallest HNF is consistent with previous reports for the Central Arctic Ocean (Sherr et al. 1997) , Polar Front (Selph et al. 2001) , Prydz Bay (Leakey et al. 1996) , and Gerlache Strait (Bird & Karl 1999 , Vaqué et al. 2002a . Cascading effects in planktonic communities (Calbet et al. 2001) led to the expectation of changes in nano-and picoplankton abundance in the presence of larger nanoflagellates (5 to 10 and 10 to 20 µm) and microzooplankton (e.g. ciliates, dinoflagellates). However, those effects were only apparent in the negative relationship between the net HNF growth rate of the 5 to 10 µm size class and that of the 2 to 5 µm size class (Table 3) . Furthermore, it is difficult to establish the details of predator pressure on bacteria due solely to small HNF or to other HNF size classes when larger protists are also present. We expected that the presence of microzooplankton would relieve grazing pressure on bacteria by nanoflagellates; however, this was not the case, as total grazing rates on bacteria remained similar or increased in the presence of microzooplankton. Indeed, ciliates can also be important bacterivores when bacteria are abundant (e.g. >10 6 ml -1 ), as reported in estuarine and coastal marine systems (Hudson river estuary, Vaqué et al. 1992 ; George sound, Sherr et al. 1989 ; Melt ponds of McMurdo ice shelf, James et al. 1995) . Hence, large protists could also feed on the abundant bacterial population in Johnson's Dock.
CONCLUSION
We provide evidence of the complexity of the trophic relationship within the microbial food web in an Antarctic coastal area. High bacterial losses, largely impinged by small HNF were maintained in the presence of their predators, which can also predate on bacteria themselves. Hence, bacteria appear to be a fundamental direct resource for the entire heterotrophic compartment of the microbial food web in the Antarctic coastal area studied.
